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SECTION 1 

S U M M A R Y  

This document prescnts the results of a Ground Wave Propagation 
Study for  an Over-the-Lunar HorizGn Communication System. I t  w i l l  be 
applicable to the manned Mobile Laboratory (MOLAB) mission - -  now under 
consideration by the National.Aeronautics and Space Administration as a 
Logistic Support System for the Project Apollo., 

Findings of this study indicate that a frequency in  the medium- 
frequency range vertically polarized, offers the best  application to over - 
the-horizon type lunar surface communication systems. 
was chosen because the moon could have a short-circuiting affect on the 
electric intensity of the horizontal polarized wave which would offer r e -  
sistance to this component of the vertical wave. 
to that found on ear th  and reported by several  authors. 

4 

x h i s  polarization 

This effect is comparable 

The ground currents of the vertically polarized surface wave do 
not short-circuit a given electric field but rather serve to res tore  par t  of 
the energy used in the electrical  field. The ground wave induces charges 
in  the moon which travels with the wave and so constitutes a current.  In 
carrying this induced current, the moon would behave similar to a leaky 
capacitor and, therefore, can be represented by a resistance shunted by 
a cai3acitive reactance. 

The characterist ics of the moon as a conductor can be described 
in  t e r m s  of conductivity (0) and dielectric constant ( e  ).'\ There a r e  no ex- 
p r i m e n t a l  data available on lunar soil characterist ics.  However, the 
valucs of conductivity and dielectric constants f rom Reference 1 are con- 
sidered to be closely related to the soil  characterist ics of the moon. 

4. 

The approach to the ground wave propagation problem was to 
select  a se t  of parameters  based on experimental data and extrapolate 
eartii data to determine the feasibility of an over-the-horizon type of 
corrlmunication system. 
o r  u?dated as the findings of lunar probes or  la te r  experiments become 
available. 

These selected parameters  need to be confirmed 
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SECTION 2 

I N T R O D U C T I O N  

This report  is the result of an investigation of specified problzms 
perLinent to the communications a rea  of the lunar surface Mobile Laboratory 
( M d L A B )  - a candidate system to be used as part  of the Apollo Logistic 
SupA1ort System (ALSS). 
lunar communications, that being ground wave propagation on the lunar 
surface. 
assigned to NSL as part  of Contract No. NAS8-11096. The Task Order  is  
titlLd "Ground Wave Propagation on the Lunar Surface for a Lunar Mobile 
LLboratory". 

I t  represents only one assignment in  the a r e a  of 

This work was done under authorization of MSFC Task Order X-19 

This report is essentially divided into four ( 4 )  sections. Results 
of zkc f i r s t  and second section a r r ive  at an  optimum frequency for use in  
the third section. The f i r s t  section discusses the R. F. power requirements 
for range and frequency for the outlined parameters.  The second section 
gives the antenna efficiency for  a short  vertical monopole base loaded and 
tuned to resonance at  the yiven frequencies. By combination of these two, the 
optimum frequency results a r e  shown in Section 3. 
brieily the expected weight in  developing a transmitter for  use on the lunar 
s IJ ,i 3 c e. 

Section 4 discusses 

2.1 GUIDE LINES AND ASSUMPTIONS 

The guidelines and assumptions applicable to  the overall constants 
The detailed guidelines and assumptions o i  Lne Task  Order a r e  given below. 

to which each Task  i tem was directed a r e  presented i n  the various Report 
Sections. 

I 

2. 1. 1 Guidelines 

0 Voice baseband width to be 2. 5 kc. 

0 Navigation Aid (Direction Finding) application is considered for 
continuous wave modulation. 
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(3 Man-portable equipment including power supply not to exceed 
100 ear th  pounds. 

0 Remote control of the MOLAB over the surface wave l i n k i s  
not considered during this study. 

2.1.2 A s  sumptions 

0 Moon is in  a complete vacuum 

0 The surface conductivity is in  the range of to mhos 
per  meter. 

0 Lunar surface has  a dielectric constant of 2. 
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SECTION 3 

R. F. POWER REQUIREMENTS 

The R. F. power requirements for a medium-frequency R. F. 
system were  considered for study by presenting the power requirements 
as  the effective radiated power for  distance versus frequency. 
designs of 10,  25, 100, and 1000 nautical miles were considered for  
possible transmission distances on the lunar surface with soil  conductivities 
in  tne range of to 

Point 

mhos  per  meter  and a dielectric constant of 2. 

The curves for Distance versus  Frequency with Effective Radiated 
Power as the parameter were derived f rom Voglers equation: 

(1) Pt = Lb t (Lt - Gt) - Gr t R + F t B - 204 (Reference 2 )  

In rewriting equation 1 in  the form of effective radiated power, 

( 2 )  ERP = Lb t (Lr  - Gr) + R t F + B - 204 (Reference 3 )  

whe r e  

E R P  = effective radiatred power in  dbw 

Lb = received power 

(Lr  - Cr) = loss on the receiver 

R = received power 

F = information bandwidth 

2 0 4  = constant f rom 10 log (kt .)  

a s e r i e s  of output signal-to-noise ratio (transmitted signal-to-noise ratio) 
curves versus distance at various fixed frequencies resul t  i n  the frequency 
as  the parameter. F r o m  the data generated f r o m  the signal-to-noise ratio 
curves versus distance, the curves of effective radiated power resul ts  for  
a varying distance and frequency. The effective radiated power, as i l lus- 
trated by these curves, is  expressed in dbw, which can readily be stated 
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i n  resul ts  by the equation 

P1 

p 2  
(3) DBW = Loglo 

where the ratio of P1 and P2 a r e  expressed in  watts. 

The following illustrations a r e  shown for  a soil  conductivity of 
and 10-4 mhos per meter  and a dielectric constant of 2. The dielectric 

constant of 2 is taken for ease in calculations, since, previous calculations 
have indicated that the dielectric constant does not affect the transmission 
characterist ics to any great degree. The first three figures a r e  i l lustrated 
so that the data may be collected to plot distance versus  frequency with 
effective radiated power a s  the parameter. 
deriving this information, Flgures 3-1, 3-2, and 3-3 of SNR versus distanCe 
must be used. 
transmitted signal-to-noise ratio and fixing ERP to some value in dbw, a 
line drawn parallel to the abscissa w i l l  represent  the transmitted signal-to- 
noise ratio. Where this assumed SNR line intersects  with the frequency 
curves and then reading the distance f rom the graph, this data may then 
be plotted a s  Distance versus Frequency, with the Effective Radiated Power 
as the parameter  (Figure 3-4). 
requirements at 10, 1000, and 10, 000 watts of t ransmit ter  output. 

To demonstrate the method of 

After careful consideration has been given to the expected 

This figure intends to i l lustrate the power 

Figures 3-1 through 3-8 refer to voice communications at a band- 
width of 2. 5 kilocycles. 
nautical miles (1, 852 and 18, 520 kilometers respectively) the frequency re- 
quired f o r  ground wave propagation is in  the Very Low Frequency range and 
the R. F. power requirements a r e  not feasible a s  seen f rom Figures 3-1 
through 3-12. A second ser ies  of figures (Figures 3-13 through 3-16) are 
given for  Navigation Aid (Direction Finding) utilizing the technique of con.- 
tinuous wave modulation with no information modulation on the car r ie r .  A 
bandwidth of 100 cycles per second is assumed, as the receiver dr i f t  es- 
tablishes this narrow band. 
watt t ransmit ter  should prove sufficient, assuming the lunar conductivity 
is within the range of to  mhos per  meter. This indicates that 
the radio direction finder for LEM and MOLAB will function when voice 
capability of the circuit  is imptactical. 

I t  will be noted that for  a range of 100 and 1000 

F rom Figure 3-16 for  Direction Finding a 10 
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SECTION 4 

M O N O P O L E  A N T E N N A  

The propagation of R. F. energy a t  medium-frequency is 
character ized by a high degree of stability and by the long range of 
useful signal t ransmission.  One limitation that de t e r s  g r e a t e r  usage 
is the antenna length necessa ry  to efficiently radiate power. 
f igures  presented here in  show a pa rame t r i c  analysis  of all pertinent 
a spec t s  encountered i n  the ver t ica l  radiator  design. 

The 

Due to  extensive length of antenna required for  a q u a r t e r -  
wavelength a t  the frequencies in  the medium-frequency band as i l lus-  
t ra ted  i n  Figure 4-1, shor t e r  antennas of l e s s  than a quarter-wavelength 
will be considered for  prac t ica l  application to  the MOLAB. An omni- 
direct ional  antenna (one producing essentially constant f ield s t rength 
i n  azimuth and direction radiation pat tern in  elevation) at lengths equal 
t o  and less than 0. 1 wavelength long was a s sumed  for  th i s  study. Cal- 
culations made f r o m  fundamental equations ( see  appendix 4) w e r e  
utilized i n  presenting this  data. All equations are given i n  a chronological 
fashion i n  order  that future use might be made of them. 

4. 1 ANTENNA EFFICIENCY 

As previously stated,  present ly  designed medium-frequency 
antennas have great ly  reduced t ransmiss ion  and receiving efficiencies 
when physically s ized for  mobile operations. However, the techniques 
of top loading, center loading, and tuning of whip antennas improve the 
capabilities. 
approximately the same,  but the gain is improved. 

In the case  of center  loading the antenna efficiency r ema ins  

Antenna loading is assumed in  all the following calculations to  
resonate  the antenna because of the shor t  length. 
e i ther  the antenna or  the sys t em a s  a whole is simply t o  facil i tate feeding 
power t o  the antenna. 
radiating properties.  The var ious techniques, as s ta ted e a r l i e r ,  employed 
in  tuning a r e  those of base, center ,  and top loading. F o r  the purpose of 
t h i s  study base loading was chosen f o r  inyestigation. 
4-2 through 4-7) show the cha rac t e r i s t i c s  for  a base  loaded whip antenna. 

The purpose of resonating 

Such resonating o r  tuning does not affect  the antennas 

The curves  (F igures  
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If center loading is utilized, the radiation resistance of the whip antenna can 
be approximately doubled at  the lower frequencies which results f rom the 
ground loss having remained the same while the increased radiation resistance 
becomes a longer portion of the total circuit resistance. That is, the center- 
fed antenna behaves similar to a vertical antenna above a horizontal ground of 
infinite conductivity (Reference 4). 
poorer condition of base loading could be studied. 

This method was not used s o  that the 

A digital computer program was written to investigate antenna 
efficiencies for  grounded whip antennas less  than 0. 1 wavelength over a broad 
range under varying conditions. The f i r s t  program covered range of antenna 
diameter from .25  to . 75 inches in  increments of . 125 inches. Similarly, the 
frequency was taken from 1 to 3 mega cycles at  increments of 0. 5 megacycles, 
(likewise, the bandwidth of 2. 5 to 6 kilocycles a t  increments of 0. 5 kilocycles 
and the antenna lengths f rom 10 to 60 feet in increments of 10 feet). Fur ther  
consideration was given to the program and i t  was concluded that the data 
obtained would be large in quantity with limited parameter variations. How- 
ever ,  this program would be excellent for a detailed study on the antenna and 
i t s  characteristics affected by these values. It was felt that a consideration 
of parameters similar to those previously stated would produce the same, i f  not 
better, results for this study, In this program, limits were taken on all the 
inputs except that of antenna lengths. The lengths ranged f rom 10 to 60 feet 
in  10 foot increments, thus allowing to  plot length versus antenna efficiency 
with other data as the parameter. 
taken as a n  upper and lower limit of a vertical radiator. 
3 megacycles at  a bandwidth of 2. 5 and 6 kilocycles was also used as upper 
and lower limits. This represented the best  trade-off on the past study. 
usefulness of this program is that it presents data in a parametric form. 

A diameter of . 2 5  and . 50 inches was 
A frequency of 1 and 

The 

The following Figure 4-2 represents the calculated efficiencies 
of a tuned vertical radiator operating i n  the medium-frequency band. 
values were all computed for a vertical radiator equal to  or  l e s s  than 0. 1 
wavelength long. These values will serve for  good approximations of the 
efficiency that can be expected f rom a vertical radiator at these frequencies 
and lengths. Throughout these percentage calculations, a base bandwidth 
of 2. 5 kilocycles was assumed. It will be noted that a higher antenna efficiency 
is gained by selecting a narrower bandwidth (Figure 4-4). 
of gain i n  efficiency c a n b e  approximated by closely comparing Figures 4-5 and 
Figure 4-6. 

The 

A good approximation 

4.2 ANALYTICAL RESULTS 

I t  w a s  determined that a n  increase in  the diameter of the vertical 
radiator f r o m  0 .25  inches to  0. 50 inches does not increase the efficiency of 
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the antenna to any measurable value. 
with its length as well as with the ratio of its length to diameter. 
antenna is made thicker, the radiation resistance decreases.  
fact  that the thicker antennas can be expected to show a lower reactance a t  
a given height and thinner antennas should show more. 
case all antennas will have large capacitance reactance. 
the length versus the efficiency with the diameters of the antenna as the para-  
meter.  
with the behavior of ordinary res'onant circuit  having different Q ' s .  
antennas operate well over a comparatively 'wide band of frequencies. 
sidering a n  antenna for  MOLAB use, one for  only a single frequency, a thin 
antenna giving a high Q shows to be more profitable. Figure 4-4 i l lust rates  
length versus efficiency with the information bandwidth a s  the parameter.  
to be noted here that a s  the information bandwidth is increased the efficiency 
of the antenna is reduced. 
2. 5 k. c. to  6 k. c., the efficiency is reduced by approximately 17 percent. 
Figures 4-5  and 4-6 are the most important with the frequency being the 
parameter.  
kilocycles and 6 kilocycles. 
the antenna i s  increased. This is due to the fact that by increasing the frequency 
there is a corresponding increase in  the radiation resistance, thus, improving 
the overall efficiency of the antenna. It must be remembered that at a frequency 
of 3 megacycles the efficiency of the antenna of Figure 4-6  is not valid above 
33 feet. The reason for this is that a l l  the data was computed for  a n  antenna 
l e s s  than 0.1 wavelength long. 
This illustration shows that the higher the Q of the circuit  the higher the 
efficiency of the antenna. 
bandwidth of 2 . 5  kilocycles, 

The resistance of the antenna var.es 
As the 

It is a known 

However, i n  this 
Figure 4-3 i l lust rates .  

Behavior of antennas with different length to diameter ratios corresponds 
Thick 

In con- 

It is 

F r o m  this figure, by increasing the bandwidth f rom 

Two cases  a r e  i l lustrated with a n  information bandwidth of 2. 5 
As the frequency is increased, the efficiency of 

Figure 4-7 is for  the readers  convenience. 

The,Q of 300 and 600 a r e  both plotted with base 

The illustrations presented herein,are exhibiting some of the 
parameters  affecting communications and are means of determining the 
radiation requirements for  utilization in  the medium-frequency. These il- 
lustrations a r e  presented in order  that the reader  may fix parameters ,  use 
the curves and determine needed values for  remaining parameters  within 
the medium-frequency band. 
chart  of Figure 4-2, the reader  is able to determine, with a reasonable degree 
of accuracy, most any power requirement o r  radiation efficiency. 
kept in  mind that much of the available data pertaining to Lunar communications 
have been derived f r o m  ear th  experiments and have, i n  turn, been analyzed 
using techniques employed for  ear th  communications. Uncertainties concerning 
the Lunar ionosphere, troposphere, magnetic fields, noise temperatures  and, 
most important, the soi l  conductivities (whose ear th  counterpart play such a n  

With these given illustrations and the efficiency 

It must be 
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important role in designing ear th  communication systems), make precise 
design of Lunar communications dependent on how closely the assumed design 
parameters  match those found on the moon. Senior and Siege1 (Reference 1) 
have made calculations of the lunar soil by use of their  theory of radar scat ter-  
ing by the moon and have found it to be within the region of 
per  meter. 
it fepresents the best estimate to date of the soil conductivity. 

to mhos 
Their values have been taken and used throughout this report  a s  
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SECTION 5 

OPTIMUM FREQUENCY 

A 60 foot antenna was established as a reasonable length for  
the MOLAB. At this length and the low fr,equencies required to propagate 
over-the-horizon, the . 1 wavelength is the most desirable f rom the length 
standpoint. Figure 5- 1 il lustrates the Optimum Transmitting Frequency 
for  over-the-horizon Lunar communications. This curve is derived f rom 
Figures  3-2, 3-4, 3-6, and 3-8 of the pr imary power requirements, and 
Figure 4-2 of the efficiency chart  f o r .  1 A ( less  than 60 feet) base loaded 
turned to resonaiice f o r  an  effective radiated power of 1 kilowatt. A band- 
width of 2 . 5  kilocycles at an  assumed 15 db threshold requirement fo r  A M  
utility is utilized. 
foot antenna tuned to resonance while the negative slope of the curve repre- 
sents exactly 0. 1 wavelength tuned to resonance. 

The positive slope of the curve represents  that of a 60 

The figure shows distance versus  frequency illustrating the op- 
timum frequency for a conductivity of and 10-4 mhos per meter. At- 
tention is caiied to the curve of 
frequency is approximately 1 .7  megacycles and 2.7 megacycles f o r  a 
conductivity of mhos per  meter. 
the maximum transmission range for the given parameters are 84 kilometers 
(52, miles) and 59. 5 kilometers (37 miles) respectively. It is noted that the 
lower conductivities gives a reduced range which can be seen f rom Figures  
3-4 and 3-8. 

mhos per  meter where the optimum 

F o r  a one kilowatt radiated power, 
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FIGURE 5- I. OPTIMUM TRANSMITTING FREQUENCY 
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SECTION 6 

SYSTEM WEIGHT ANALYSIS 

A basic ground rule of 100 ear th  pounds was se t  for  a medium- 
frequency system. After careful consideration and study had been given to  
the problem, it was determined that an M F  system could be designed and 
built f o r  the MOLAB within this rule. The radio t ransmit ter  and receiver  
should not exceed 75 pounds depending on how closely the designer selects  
his components. This estimate does not include any allowable weights for 
a power supply as it is assumed a l l  power will be taken from fuel cells. 
proximately 3 KVA will be needed for lKVA output. It is believed, a t  this 
time, that heaviest component of the transceiver will be that of the power 
transformer. 
the entire weight of the system. 
what by utilizing grid modulation, however, this technique produces a reduced 
audio quality with voice still being intelligible. 

Ap- 

This i tem will most probably compose about half o r  more of 
The modulator weight can be reduced some- 

Figure 6-1 is an estimated weight for  a medium-frequency power 
This figure represents the best  estimate to  date of hardware of 

Attention is  called to the curve between 
It will be noted that the curve rises sharply above 

The points used in  plotting this curve were taken f rom 

amplifier. 
this type fo r  aerospace application. 
the points of 100 watts. 
100 watts, indicating that the weight of a system becomes increasingly high 
a t  1000 watts output. 
data furnished by Collins Radio and Hughes Aircraft. 
fall on the i l lustrated curve as can be seen f rom the figure. 
that if a system were designed it would have the characterist ic curve as 
shown in Figure 6-1. 

All the points do not 
It is believed 
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APPENDIX 4 

The following equations were  used i n  making the calculations. 
capacitance of a ver t ica l  antenna shor te r  than a qua r t e r  wavelength is 
given by 

The 

where CA s capacitance of antenna.in ppf 

L = antenna height i n  feet  

D’ = diameter  of radiator  i n  inches 

f = operating frequency i n  MC 

The approximate radiat ion r e s i s t ance  for an’antenna less than 0.1 
wavelength long was determined f rom 

= 273 (If)’ x l o e 8  R r  

where 1 is the length of the whip i n  inches,  and f is the frequency i n  mega-  
cycle S. 

The inductance i n  hen r i e s  is determined f rom the equation 

where C = capacitance i n  p p f  

d = (2nf)’.with f i n  cyc les  per  second. 

The Q of the antenna is 

where fo operating frequency i n  cyc les  per  second 

BW = the ci rcui t  bandwidth i n  cycles  per  second. 
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The total res i s tance  i n  the circuit  is found f rom the equation 

W L  
Q 

R =  - 

where R = 2 r f  

L = inductance i n  henr ies  

Q = resenance  of circuit ,  

The efficiency of the antknna is defined as the r a t io  of the radiation 
res i s tance  to the total  res i s tance  of the system. 
radiation res i s tance  , res i s tance  i n  conductors and d ie lec t r ics  (including the 
res i s tance  of loading coils if used)  a n d  the res i s tance  of the groupd sys tem,  

. 

The total res i s tance  includes 

usually r e f e r r e d  to  as the 
the g r  ound r e  si s tance h a s  
for the efficiency is 

g r  aund ' r e  si stance. 
been assumed to be 

Efficiencv = 

where R r  = radiation res i s tance  

R t  = total res i s tance  of the 

- 

F o r  the purposeof ' th is  study, 
negligible therefore ,  the eqdation 

R r 

circuit .  
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